Abstract Six mid-eclipse times of the eclipsing binary XZ And are obtained, which are analysed together with others collected from the literature. Two sets of cyclic variations with periods of 33.43 and 100.4 yr are found if a double-Keplerian model is used to fit the data.
INTRODUCTION

XZ Andromedae (BD+41
• 367) is a classic Algol-type binary (hereafter XZ And AB). The primary is a Main Sequence star and the more evolved secondary fills its Roche lobe (Manzoori 2016) . Dugan and Wright (1939) found that primary eclipsing times and secondary eclipsing times follow a same linear ephemeris roughly, but they also pointed out quite intricate variations in the residuals (i.e., O − C) between observed (O) and computed (C) mid-eclipse times. Odinskaya and Ustinov (1952) found these irregular variations contain two sets of cyclic modulation. Todoran (1967) fitted the data between the years 1891-1919 with a sinusoidal curve with a period of 21.3 yr, and the data between 1924-1966 with another sinusoidal curve with a period of 44.6 yr. Todoran (1967) interpreted these variations as apsidal motion, but Kreiner (1976) disproved this explanation. Demircan et al. (1995) reported three cyclic variations with periods of 11.2 yr, 36.8 yr, and 137.5 yr, respectively, and attributed the cyclic variations to magnetic activity of the sec- Frieboes- Conde & Herczeg (1973) and claimed that an unambigous identification of third component was not possible for XZ And, but the latter still presented the orbital parameters of third and fourth bodies, including the periods of 35.6 yr and 69.8 yr, respectively. Selam and Demircan (1999) Just as before, both authors did not affirm the explicit reason for the variations. Therefore, it is necessary to reanalyze the behavior of the mid-eclipse times.
All available mid-eclipse times collected from the literature and several new data obtained in this paper are used to plotted O − C diagram in Section 2. In Section 3, the fitting procedures are described, and the best-fit solution is given. In Section 4, we summarize our results and give our conclusions in Section 5.
ECLIPSE-TIMING VARIATIONS
CCD photometric observations were carried out in the past six years. The 85-cm telescope at the Xinglong Station of National Astronomical Observatory of China (NAOC-85), equipped with a primary-focus multicolor CCD photometer (Zhou et al. 2009) Zessewitsch (1924) , Banachiewicz (1925), Dugan and Wright (1939) , Kordylewska (1931) , Lause (1934 Lause ( , 1936 Lause ( , 1949 , Szafraniec (1950 Szafraniec ( , 1952a Szafraniec ( , 1952b Szafraniec ( , 1955 Szafraniec ( , 1957 , Szczepanowska (1950 Szczepanowska ( , 1953 Szczepanowska ( , 1956 Szczepanowska ( , 1959 , Piotrowski (1950) , Odinskaya and Ustinov (1952) , Ashbrook (1952a Ashbrook ( , 1952b Ashbrook ( ,1953 1965b, 1966, 1967a, 1976b) , Todoran (1967 Todoran ( , 1968 Todoran ( , 1973 , Todoran & Popa (1967) , Robinson & Ashbrook (1968) , Frieboes-Conde & Herczeg (1973) , Baldwin (1973 Baldwin ( , 1976 Baldwin ( , 1977 Baldwin ( , 1978 , Mallama et al. (1977) , Kreiner et al. (1980) , Olson (1981) , Baldwin & Samolyk (1993) , Hegedüs et al. (1996) , Agerer & Huebscher (2003) , Cook et al. (2005) , Hübscher et al. (2005 , 2006 ), Nagai (2007 , Samolyk (2008 Samolyk ( , 2009 Samolyk ( , 2010 , and Yang (2013).
Three visual times (HJD 2423681.21, 2423694.29, and 2423699.40) are discarded due to their poor precision, six mid-eclipse times (HJD 2423670.430, 2423756.292, 2441650.291, 2441958.429, 2444488.400, and 2450752.310) are not adopted for their large deviation from the O − C curve. Finally, we have collected 1131 mid-eclipse times over a 127-year timespan. Most photographic and visual data were published without uncertainties, the typical uncertainty of σ = ±0.003 d is used. For CCD data, the uncertainty of ±0.0001 d is adopted if it is less than ±0.0001 d.
Usually, the mid-eclipse times were reported in the Heliocentric Julian Dates (HJD) based on Coordinated Universal Time (UTC) standard, which is not strictly uniform. Therefore, we adopted the Barycentric Dynamical Time (TDB) standard, and corrected all data to Solar-system barycenter, giving
Barycentric Julian Dates (BJD) (Eastman, Siverd & Gaudi 2010) . The relation between the Universal Time (UT) and the Terrestrial Time (TT) given by Duffett-Smith & Zwart (2011) was used to convert the old data before 1950.
The calculated mid-eclipse epoches are computed with the linear ephemeris
where the period was also used by Manzoori (2016) . In Equation (1), E is the eclipse cycle number counted from BJD2452500.51473. We can calculated the residuals O − C, i.e., the observed mid-eclipse times
DATA ANALYSIS AND LTT MODELS
The secondary component is transfering mass to the primary. Therefore, the observed period increases (Yang 2013; Manzoori 2016) , and the O − C curve should have a parabolic trend. Figure 1 shows that an additional periodic model is also required. Following the method adopted by Yuan et al. (2016) , we first use a quadratic plus one-companion model
to fit the O − C values. The LTT term, τ 3 , arises from the variation of distance of an eclipsing binary from the observer as a result of a distant third component, can be calculated using the following equation (Irwin 1952 )
where a 3 sini 3 is the semi-major axis of the eclipsing binary around the barycentre of the triple system, projected onto the tangent plane of the sky. ω 3 is the argument of the periastron measured from the ascending node and e 3 the eccentricity. For any mid-eclipse time t, the true anomaly ν 3 , can be derived from the following relation
where ϕ 3 is the eccentric anomaly, and can be obtained by solving the Kepler's equation
In Equation (5), the mean anomaly M 3 = 2π(t − T 3 )/P 3 , where T 3 is the time of the periastron passage, and P 3 is the orbital period.
For one (e 3 , T 3 , P 3 ) configuration, we fit the O − C data with equation (2), and get the goodness-of-fit
where y i is the O − C value given by Equation (1), and y(t i ) is the model value at mid-eclipse time t i calculated by Equation (2). In equation (6), σ i is the uncertainty of the O − C data y i (i.e., the uncertainty of the i-th mid-eclipse time). The best a 3 sini 3 and ω 3 can be obtained from the best fit. Searching e 3 from 0.0 to 0.99, and T 3 from 24500000.0 to 24500000.0 + P 3 , the local χ 2 minimum is obtained for the particular P 3 , i.e., χ 2 (P 3 ), which is plotted in Figure 2 .
Figure 2 shows that χ 2 reaches the minimum at P = 34.48 yr, suggesting a companion with a period of 34.48 yr. Hereafter, we refer to the eclipsing pair as XZ And AB, and the companion as XZ And (AB)C. The best fits corresponding to the 34.48 yr periodicity are plotted in Figure 3 , and listed in the second column (Solution 1) of Table 2 . As shown in the bottom panel of Figure 3 , most data show residuals larger than ±0.01 d, which is much larger than the typical uncertainty, i.e., ±0.003 d.
In Figure 2 , the one-companion fit shows another periodicity at >75 yr, suggesting another companion (XZ And (AB)D) with a longer period. But, due to the short time coverage and low precision, χ 2 remains the best fit with the one-companion model, we fix e 3 , T 3 , P 3 , e 4 , T 4 , and P 4 during the fitting process. The parameters with the subscript '4' are similar to those with the subscript '3', but refer to the barycentre of XZ And AB and C around the barycentre of XZ And AB, C and D. After searching all possible e 3,4 and T 3,4 , we obtain the local χ 2 minimum for the fixed P 3 and P 4 , i.e. χ 2 (P 3 , P 4 ). χ 2 (P 3 , P 4 ) is a function of P 3 and P 4 . We search P 3 in 20-40 yr, and P 4 in 70-120 yr simultaneously. Finally, a two-dimensional periodogram results, and is shown in Figure 4 . The global χ 2 minimum is located at (P 4 ≃ 97.8 yr, P 3 ≃ 33.4 yr), which Since we search P 3 and P 4 in finite step (i.e., 0.2 day), the global χ 2 minimum derived from the twodimensional periodogram is not the true minimum, but very close to the true minimum. Starting from the "best" solution in the two-dimensional periodogram, we fit the data by using Levenberg-Marquardt fitting algorithm (Markwardt 2009 ). The Levenberg-Marquardt fits set all parameters free. The free parameters Table 2 . Interestingly, P 4 and P 3 are 100.3±1.5 yr and 33.43±0.03 yr, repsectively, suggesting a possible mean-motion resonance. The improved fits are plotted in Figure 5 . Just as shown by Figure 5 , most of the residuals are within ±0.01, and much better than that of Solution 1. The best fit fails before BJD2420000, and around BJD2432000, where the data are scarce. We remind the reader that the old visual data before A.D. 1900 are much low-precious, and can not be fitted very well in most cases, such as SW Lac (Yuan & Ş enavcı 2014) and Z Dra (Yuan et al 2016) . Although the χ 2 statistic is relatively poor (the reduced chi-square statistic χ 2 ν = 15.2), there is a good qualitative correspondence between the morphologies of the observed and model curve. In Figure 1 ., the thick O − C curve shows that most visual data often conflict with each other within their typical uncertainties, i.e., ±0.003, and only seem consistent within ±0.01. Perhaps this explains why χ 2 ν is large. The uncertainty of σ = ±0.004 d is also used for the photographic and visual data which were published without uncertainties. We refit the O − C data, and obtain similar results (see Solution 4 in Table 2 ). XZ And (AB)D has an orbital periods of P 5 = 102.9 ± 2.4 yr, while P 4 = 33.34 ± 0.03 yr for XZ And (AB)C. Figure 2 indicates that a period of ∼ 23 yr is also possible. It is likely that such LTT signal also appears in the bottom panel of Figure 5 . It seems that a short-period companion (XZ And (AB)E) exists. For safety, the two-companion model is used again. This time, P 4 is still searched around 33 yr, but P 3 around 23 yr. To avoid confusion, the subscript '5' is used for XZ And (AB)E, while '3' for XZ And (AB)C. The has an orbital period of P 5 =∼ 24.35 yr and a mass of 0.34M . XZ And (AB)E produces a cyclic O − C variation with a semi-amplitude of a 5 sin i 5 = 1.25 au, which is much smaller than a 3 sin i 3 and a 4 sin i 4 .
Compared to Solution 2, the χ 2 in Solution 3 is much smaller, suggesting that Solution 3 is better. In Figure   4 , the two-dimensional periodogram also reveals that the configure of (P 4 ≃ 100 yr, P 3 ≃ 33 yr) is more likely than that of (P 4 ≃ 100 yr, P 5 ≃ 24 yr). Therefore, we infer that such small signal may arise from unavoidable and slight imperfection in the double-Keplerian model.
RESULTS AND DISCUSSIONS
In this paper, new CCD observations of the Algol-type binary XZ And and all available mid-eclipse times in the literature are investigated. The results are listed as Solution (3) in Table 2 . The O − C diagram shows a quadratic trend, suggesting that the orbital period of the eclispe binary increases with a rate of dP/dt = 1.96 × 10 −7 d yr −1 . By coincidence, Z Dra has a similar orbital period and increasing trend (Yuan et al. 2016) . The increasing trend is attributed to mass transfer from the secondary component to the primary one. The mass transfer rate can be derived from the following equatioṅ
For XZ And, Manzoori (2016) reported that m 1 = 2.10 M ⊙ , m 2 = 1.02 M ⊙ , and the mass ratio of the eclipsing pair q = m 2 /m 1 = 0.485, giving the mass transfer rate of dm 1 /dt = 4.6 × 10 −8 M yr −1 . The mass transfer rate is larger than that of Z Dra (dm 1 /dt = 9.2 × 10 −9 M yr −1 ), but often lower than those of contact binaries. Z Dra is an Algol-type binary with similar period as XZ And (Yuan et al. 2016) . For contact binaries, such as AD Cnc (Qian et al. 2007a ), V382 Cyg (Qian et al. 2007b) , and TU Mus (Qian et al. 2007b) , the typical value is ∼ 10 −7 M yr −1 .
We find that the O − C curve shows two sets of cyclic variations with periods of 33.43 and 100.3 yr, Although magnetic activity can explain biperiodic variations in the mid-eclipse times of an eclipsing binary (Applegate 1992; Yuan & Qian 2007) , magnetic activity can not produce two sets of variations with commensurate periods, especially for two periods with a (near) 1:3 ratio. The only reason for such variations is the light-travel time effect induced by two companions in a possible mean-motion resonance.
Manzoori (2016) carried out the photometric-spectroscopic analysis, and indicated that the orbital inclination of the eclipsing pair is 89.8
• , and the total masses of the eclipsing pair are m b = 3.12 M .
Assuming that the orbits of two companions are coplanar with the eclipsing pair, the minimum masses of two companions can be derived from the following mass functions 31.6 au) from the best-fitting parameters (see Table 2 Table 2 in Yuan et al. 2016 ).
Figure 7 presented by Yuan et al. (2016) shows that the gravitational perturbation is weaker than that of XZ And, but not yet ignorable.
The interesting phenomena can not appear in three Algol systems by chance. We infer that the interesting periods and the "inappropriate" double-Keplerian model reveal some unknown results. The results may be related with the dynamical characters of general N-body systems, or quantization of gravitation.
